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therefore emerges whereby one of 
the key functions of the intact basal 
ganglia is to link positive outcomes 
to subsequent behaviour, whether 
predominantly cognitive or motor 
in its demands, and to modify this 
relationship according  
to motivational state.
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www.current-biology.com/cgi/content/
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change: visually-
induced auditory 
synesthesia
Melissa Saenz and Christof Koch
Synesthesia is a benign neurological 
condition in humans characterized 
by involuntary cross-activation of 
the senses, and estimated to affect 
at least 1% of the population [1]. 
Multiple forms of synesthesia exist, 
including distinct visual, tactile or 
gustatory perceptions which are 
automatically triggered by a stimulus 
with different sensory properties [1–6], 
such as seeing colors when hearing 
music. Surprisingly, there has been 
no previous report of synesthetic 
sound perception. Here we report that 
auditory synesthesia does indeed exist 
with evidence from four healthy adults 
for whom seeing visual flashes or 
visual motion automatically causes the 
perception of sound. As an objective 
test, we show that ‘hearing-motion 
synesthetes’ outperformed normal 
control subjects on an otherwise 
difficult visual task involving rhythmic 
temporal patterns similar to Morse 
code. Synesthetes had an advantage 
because they not could not only see, 
but also hear the rhythmic visual 
patterns. Hearing-motion synesthesia 
could be a useful tool for studying how 
the auditory and visual processing 
systems interact in the brain.All four of the synesthete subjects 
(S1–S4, ages 23–33, 1 woman) had 
normal visual acuity and no known 
hearing or neurological deficits. Their 
visually-induced sound perceptions 
occur automatically, cannot be turned 
off, and have been experienced for 
as long as they can remember going 
back into childhood. The percepts are 
typically simple, non-linguistic sounds 
(such as beeping, tapping or whirring) 
that are temporally associated with 
visual flashes or continuous visual 
motion. Eye movements over a 
stationary scene (retinal motion) do 
not typically evoke sound. In daily 
experience, all four subjects are 
generally able to distinguish their 
synesthetic sound percepts from 
percepts induced by real auditory 
stimuli, but occasional confusion 
exists. We refer to this phenomenon 
as ‘hearing-motion’ synesthesia, even 
though non-moving visual flashes 
also trigger sound perception as 
demonstrated next.
Our goal was to devise a task for 
which hearing-motion synesthesia 
would confer a performance 
advantage, as this would be 
strong objective evidence for the 
perceptual experience [4]. Typically 
(in non-synesthetes), people have an 
advantage in judging rhythmic patterns 
of sound compared to equivalent 
visual rhythmic patterns [7,8]. We thus 
predicted that synesthetes would 
perform better than controls in a task 
involving visual rhythmic sequences 
because synesthetes would not only 
see, but also hear the patterns.A
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Figure 1. Visually-induced auditory synesthesia.
(A) Sequences were composed of intermixed long (200 ms) and short (50 ms) duration stimuli 
separated by blank intervals (100 ms) similar to Morse code (bars depict stimulus on-times). The 
stimuli were either tonal beeps (360 Hz) on sound trials or centrally flashed discs (1.5 deg radius) 
on visual trials. On each trial, subjects judged whether two successive sequences (either both 
sound or both visual) were the ‘same’ or ‘different’. (B) Mean performance (% correct trials) for 
control and synesthete subjects (+/− SEM). All subjects had good accuracy on sound trials, but 
synesthetes dramatically outperformed controls on the otherwise difficult visual trials. Movies of 
sample trials located online at http://www.klab.caltech.edu/~saenz/hearing-motion.html.
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Near-future levels of 
ocean acidification 
reduce fertilization 
success in a sea 
urchin
Jon N. Havenhand1, Fenina-Raphaela 
Buttler2, Michael C. Thorndyke3  
and Jane E. Williamson2
Although it is widely believed that 
seawater is chemically well-buffered, 
CO2-induced acidification of the 
world’s oceans threatens the viability 
of many species [1–3]. Research to 
date has focused on the responses 
of adult stages of calcifying taxa 
to gross pH changes relevant for 
the years 2200–2400 [3,4]. We 
investigated the consequences of 
exposure of gametes and larvae 
of the sea urchin Heliocidaris 
erythrogramma to CO2-induced 
acidification by –0.4 pH units (the 
upper limit of predictions for the 
year 2100 [5]), and found statistically 
significant reductions in sperm 
swimming speed and percent sperm 
motility. We predicted the effects of 
these changes using an established 
model [6], and tested fertilization 
success experimentally in assays 
using the same gametes and pH 
treatments. Observed reductions in 
fertilization success corresponded 
closely to model predictions (24% 
reduction). If general, these findings 
have important implications for the 
reproductive and population viability 
of broadcast spawning marine 
species in the future acidified ocean.
During the 20th century, rising 
atmospheric CO2 has reduced 
surface ocean pH by 0.1 units 
and carbonate concentrations by 
30 µmol kg–1 [7]. Modelling shows 
that these changes will accelerate 
in the coming century [5], increasing 
the solubility of biogenic calcareous 
structures and threatening the 
survival of keystone calcifying 
species [2,4,8]. The broader 
physiological and ecosystem-level 
consequences of these changes are 
of acute concern [8,9], but there are 
few relevant data available and the 
likely repercussions are almost wholly 
unknown [1]. Critically, there are no 
published data on the likely effects 
of increased CO2 on fertilization and Four synesthetes and ten 
age- matched control subjects were 
presented with rhythmic temporal 
sequences composed of either 
auditory beeps or of visual flashes 
(Figure 1). On each trial, subjects 
judged whether two successive 
sequences (either both auditory 
or both visual) were the ‘same’ or 
‘different’ sequences. Sound and 
visual trials (100 trials per subject) 
were randomly interleaved. On 
sound trials, both groups performed 
equally well (controls: 85.8% correct; 
synesthetes: 83.9%, no statistical 
difference between groups, p = 0.7). 
However, on visual trials control 
performance fell to near 50% chance 
level, while synesthetes maintained 
accurate performance (controls 56.3%; 
synesthetes 75.2%, highly significant 
difference between groups p < 0.0001). 
Synesthetic sounds were not as 
effective as the actual beeps on sound 
trials in facilitating task performance, 
consistent with the synesthetes’ 
subjective report (difference between 
sound and visual scores, controls: p < 
0.0001; synesthetes: p = 0.01). Results 
were highly consistent at the individual 
subject level — each control subject 
performed significantly worse on 
visual compared to sound trials (range 
of p-values: p = 0.02 to p < 0.0001), 
but individual synesthetes did not (S1 
p = 0.1, S2 p = 0.1, S3 p = 0.2, S4 p = 
0.3; see Supplemental Figure S1 in the 
Supplemental data available on-line 
with this issue). A binomial test was 
used for all statistical comparisons. 
Indeed, all synesthetes reported 
distinct sound perceptions (beeps or 
taps) associated with each flash on 
visual trials and using that sound to 
perform the task. Three out of the four 
synesthetes reported a change in the 
tonal quality (but not the strength or 
consistency) of the associated sound 
over the brief time course of the 
experiment. Their synesthetic sounds 
become more similar to the actual 
beep given on sound trials as they 
came to associate that sound with the 
experiment. Thus, the exact audio-
visual association may be alterable, 
in contrast to other synesthetic 
associations that are reportedly stable 
over time ([1,6]; but see [9]). 
Hearing-motion synesthesia 
could be useful for studying how 
the auditory and visual systems 
interact in the brain [7,10]. This 
synesthesia combines perceptions 
that are temporally linked in normal experience — objects that move 
or appear suddenly, such as a bee 
buzzing or a car whizzing past, 
often do make a sound. Indeed, our 
results suggest a strong audiovisual 
temporal correspondence. 
Furthermore, previous work 
suggests that the brain may normally 
translate the temporal structure of 
visual information into an auditory 
representation in order to improve 
temporal judgments of visual input 
[7]. Further study could reveal 
whether hearing-motion synesthesia 
represents an exaggerated form of 
normal interactions between auditory 
and visual systems and whether 
synesthetic sound perception is 
associated with activation of the 
auditory cortex.
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